Introduction {#Sec1}
============

Although melanoma constitutes \~5% of all skin cancers, it accounts for \>75% of skin cancer deaths. The 5-year relative survival rate of patients with localized or regional disease is 98% and 64%, respectively. In contrast, the 5-year survival rate drops to 23% in patients with metastatic (stage IV) melanoma. One of the most common complications experienced by stage IV melanoma patients is metastasis to the brain^[@CR1],[@CR2]^, which is diagnosed in \>60% of cases and is identified in up to 80% of patients at autopsy^[@CR3]^. Melanoma manifests from the malignant transformation of melanocytes, cells derived from neural crest stem cells (NCSCs) that produce melanin in the skin^[@CR4]^. The NCSC origin of melanocytes underlies the ability of melanoma cells to both migrate to and thrive in the brain and other major organs, including lungs. There are several types of melanoma that fall into one of three categories: (1) cutaneous melanoma, (2) mucosal melanoma, or (3) ocular melanoma. Cutaneous melanoma (hereafter melanoma) is the most prevalent type and will be the focus of this review. Four major genetically defined subgroups stratify the patient population into those whose melanoma possess (1) activating *BRAF*^V600^ mutations (\~50% of patients)^[@CR5]^, (2) *NRAS* mutations (15--20% of patients)^[@CR6]^, (3) those with inactivating mutations of *NF-1* (\~10%, mutually exclusive with *BRAF*), and (4) those with wild-type *BRAF*, wild-type *NRAS* and wild-type *cKit* (30--35% of patients)^[@CR7]^. Metastatic melanoma was historically viewed as an untreatable disease until the revolutionary FDA approvals in 2011 and 2014 of targeted- and immune-based therapeutic strategies with notable activity. For patients with *BRAF*^V600E/K^ mutant melanoma, significant efficacy has been observed with the combination of a BRAF inhibitor and a MEK inhibitor, with a response rate of \~76%^[@CR8]^. Despite this remarkable activity, \>80% of patients relapse on the BRAF/MEK inhibitor cocktail, leaving them eligible only for immunotherapy with anti-PD-1 and anti-CTLA4 blockade strategies^[@CR9]^. Patients with wild-type *BRAF* (\~35% of patients) do not have targeted therapy strategies that display significant clinical efficacy^[@CR10]^. However, combination MEK inhibition and CDK4/6 inhibition has shown activity pre-clinically in the *BRAF* wild-type setting, and clinical testing of this approach is under way. The activity of combination checkpoint inhibitor therapy using anti-PD-1 and anti-CTLA-4 antibodies has demonstrated long-lasting responses in a subset of patients and represents a therapeutic strategy suitable for all genotypes^[@CR11]^. However, 60--70% of melanoma patients do not respond to checkpoint inhibitor therapy due to toxicity, intrinsic resistance, and other reasons not completely understood, leaving surgery, radiation, chemotherapy, and clinical trials to combat the persisting melanoma cells that do not respond to current standard-of-care strategies^[@CR12]^.

This is the clinical predicament in 2020 for most patients with metastatic melanoma and represents the challenge clinicians and investigators are attempting to overcome: therapeutic plateau followed by relapse and mortality. Once disseminated, there are only a few melanoma patients who experience long-lasting cures from current targeted- and immune therapies. Our evolving understanding of the genetic and non-genetic mechanisms driving melanoma dissemination, therapy resistance and mortality reveals phenotypic plasticity, inter- and intra-tumoural heterogeneity, and the microbiome among the key drivers^[@CR13]^. The dynamic interactions of melanoma cells with other cellular and acellular constituents of the tumor microenvironment (TME) provide additional mechanisms of homeostatic regulation critical to therapy efficacy^[@CR14]^. Recent technological advancements have only now allowed for characterization of melanoma plasticity and heterogeneity; however, the role served in therapy resistance remains poorly understood^[@CR15]^. Single-cell RNA sequencing approaches have begun to dissect the multicellular ecosystems that are functional in the TME, which comprise immune and non-immune compartments each with secretory and adhesion signaling landscapes that complicate targeting of melanoma cells. A nuanced observation moving to the forefront of the field is the reality that subpopulations of melanoma adopt distinct cellular identities akin to NCSCs and stromal cells heterogeneously, within different regions of the same tumor^[@CR16]^. These alternative cellular states can be adopted transiently or permanently, each with implications on sensitivity to a given therapy strategy. Recent reports have characterized therapy-resistant "jackpot" melanoma cells marked by high EGFR and NGFR expression that pre-exist before therapy and drive therapeutic relapse^[@CR17]^.

Functional in vitro and in vivo preclinical models of melanoma initially demonstrated the utility of small molecule BRAF inhibitors for the treatment of *BRAF*-mutant melanoma, providing the scientific rationale for BRAF inhibitor clinical trials^[@CR18],[@CR19]^. These studies leveraged "traditional" melanoma cell lines established from patients and cultured on plastic. Critical for the development of future strategies that can overcome the current clinical plateau with targeted- and immune-based therapeutic strategies, the melanoma field in itself will be a model of melanoma that better recapitulates the multifarious mechanisms that drive resistance in vivo in human patients. Here, we will discuss distinctive features of melanoma, survey the major model systems leveraged in the study of therapy resistance and comment on prospective directions that may facilitate discovery of more curative therapeutic modalities. A summary of all available melanoma models is reported in Box [1](#Sec02){ref-type="sec"}.

 {#Sec02}

Traditional 2D cell culture and 3D organoid approaches that incorporate microenvironmental elements allow for investigations of melanoma proliferation following various environmental and therapuetic conditions. Spheroid, skin reconstruct, and endothelial *trans*-membrane models enable in vitro study of migration, invasive, and metastatic dynamics. The limitations of the above models rests on their ex vivo nature. Tail vein injection and spontaneous metastasis models are in vivo approaches that allow inspection of micro- and macrometastases in target organs (i.e., lungs, liver). Sphere, organoid, PDX, and xenograft models of melanoma allow for delineation of cellular heterogeneity and plasticity of melanoma cells that only recently can be unbiasedly characterized by scRNAseq and barcoding approaches, however, limitations lie in the absence of an immune system. Co-culture approaches incorporating stromal, endothelial, and immune cell types help overcome this limitation. GEMM, immune- humanized, and autologous adoptive T-cell models currently represent the best approaches to investigate immune dynamics in response to therapy. Limitations for the GEMM and immune-humanized models lie in the lack of human cells and an autologous immune system, respectively. The isolation and expansion of tumor infiltrating leukocytes along with tumor from the same patient tumor material for autologous models is a challenging accomplishment.

Striking features of melanoma cells {#Sec2}
===================================

High genetic instability {#Sec3}
------------------------

Melanoma incidence and manifestation are correlated with skin-type and ultraviolet radiation (UVR) exposure^[@CR20]^. Allelic variation of the melanocortin 1 receptor (MC1R) is causally associated with individuals with red hair and fair skin due to a switch from eumelanin to phaeomelanin production^[@CR21],[@CR22]^. Eumelanin is UV-absorbent, whereas pheomelanin is photo-unstable, which is posited to underlie the increased susceptibility to develop melanoma in individuals with MC1R variants due to the reduced UVR protection and increased reactive oxygen species activity in their skin^[@CR23]^. Notably, melanomas carry the highest mutational load across human tumors as seen by cancer genome deep sequencing, at least in part, due to UVR-induced damage^[@CR24]^ (Fig. [1a](#Fig1){ref-type="fig"}). Of these mutations, \~80% display canonical UV signatures (i.e., G \> T or C \> T transitions that are induced by UVA and UVB, respectively)^[@CR7]^. UVA and UVB have been linked to serve a causal role in passenger mutations as well as \~46% of authenticated driver mutations. Likely, the large number of passenger mutations in melanoma may take potential driver roles under varying environmental or therapeutic contexts to maintain melanoma cell viability. Key mechanisms of acquired resistance to combination BRAF inhibitor and MEK inhibitor therapy include mutations in *MEK* and *NRAS*^[@CR25]^; however, it is unknown whether cells expressing these mutations are pre-existing in the tumor or the mutations occur de novo. The high genetic instability of melanoma cells can be potentially exploited by targeting DNA damage repair proteins (i.e., PARP) to increase the efficacy of targeted therapy^[@CR26]^.Fig. 1The striking features of melanoma.**a** Melanoma cells display high levels of mutational burden in cancer. **b** Melanoma cell signal transduction pathways contain significant redundancy in response to therapy, allowing for rapid signal rewiring to avoid cell death. **c** Invasive, stem-like, and proliferative cell states are distinct intra-tumoral phenotypes that drive melanoma aggressiveness. **d** Melanoma cells secrete factors akin to stromal cells, promoting melanoma cell viability in an autocrine manner. **e** Melanoma cells secrete factors that reprogram adjacent stroma which, in turn, secrete pro-tumorigenic factors that promote melanoma aggressiveness in a paracrine manner. **f** Melanoma cells can survive the harsh environment of systemic circulation, with \>70% melanoma patients possessing brain metastases at autopsy. **g** Melanoma cells readily survive ex vivo, allowing for high success rate in establishing cell lines and PDX.

To better model the high genetic instability of melanoma cells in mice with intact immune systems (will be discussed further later), investigators have developed genetically engineered mouse melanoma (GEMM) cell lines that have been irradiated to account for this feature (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Available melanoma models.**a** A large number of in vitro models are available to investigate specific properties of melanoma cells, including proliferation, migration, invasion, metastasis, heterogeneity, plasticity, and microenvironment interactions. **b** In vivo models capable of investigating adaptive immune dynamics require murine melanoma models, whereas (**c**) models utilizing human melanoma tumor models lack functional adaptive human systems. Scientific illustration toolkits from Motifolio ([www.motifolio.com](http://www.motifolio.com)) were used to generate this figure.

Pathway plasticity {#Sec4}
------------------

Hardwired into melanoma cells is an incredibly plastic network of signal transduction pathways capable of reactivating and diverting activity from one pathway to another, allowing survival signals to be continuously transmitted in the context of targeted therapy^[@CR27]^ (Fig. [1b](#Fig1){ref-type="fig"}). In the case of *BRAF*^V600^ mutant melanoma cells treated with BRAF inhibitor, the MAPK pathway is reactivated within hours in vitro and weeks in patients^[@CR28]^. Although combination therapy with a BRAF inhibitor and MEK inhibitor delays MAPK pathway reactivation, it eventually occurs in the majority of cases, as well as hyperactivation of the parallel PI3K axis^[@CR29],[@CR30]^. Hyperactivation of PI3K signaling in response to MAPK pathway inhibition can occur through release of negative feedback regulation of ERK phosphorylation on EGFR (i.e., at Thr^669^)^[@CR31]^, as well as kinome reprogramming in response to release of feedback of ERK upon c-Myc (i.e., at Ser62)^[@CR32]^. In *NRAS* mutant melanoma cells, a robust reactivation of the MAPK pathway also occurs within hours in response to MEK inhibition due to loss of negative feedback on CRAF^[@CR33]^. In this context, concurrently targeting MEK and ERK, or silencing CRAF can overcome MEK inhibitor resistance. Pathway reactivation also occurs in the context of inhibitors of PI3K/AKT/mTOR, due to loss of negative feedback (i.e., through degradation of IRS-1)^[@CR34]--[@CR36]^. Pathway plasticity abrogates the clinical efficacy of targeted agents and warrants further investigation to identify synthetic lethality approaches that can overcome escape mechanisms. Unfortunately, current attempts to pharmacologically address pathway switching often involves therapeutic cocktails that are toxic to patients.

To model the high pathway plasticity melanoma cells display in response to targeted therapies, investigators can leverage 2D and 3D approaches to capture signaling kinetics following short-term (minutes to hours following treatment), long-term (days of treatment), and chronic (weeks to months) drug exposure times by western blotting and reverse-phase protein arrays (RPPAs). Advances in intravital imaging and multiplex in situ approaches coupled with reporters of the MAPK pathway and cell cycle also allow modeling of melanoma pathway plasticity in vivo^[@CR37],[@CR38]^. Any therapuetic strategies developed against this feature of melanoma using in vitro models should be validated in patient-derived xenograft (PDX) and xenograft models before translation into humans (Fig. [2](#Fig2){ref-type="fig"}).

Dedifferentiation {#Sec5}
-----------------

Metastatic melanoma cells display the striking ability to dedifferentiate to a variety of states under cellular stress, which drives therapy resistance and mortality^[@CR16]^ (Fig. [1c](#Fig1){ref-type="fig"}). Murine implantation experiments demonstrated the intrinsically high self-renewal capacity of melanoma cells, with just one cell capable of reconstituting a heterogenous tumor in mice, a property unique among cancers whereby hundreds to thousands of cells typically need to be implanted to form a palpable tumor^[@CR39]^. As melanocytes derive from NCSCs^[@CR4]^, multiple laboratories have identified subsets of melanoma cells that appear to dedifferentiate and display stem-like features akin to their NCSC precursors^[@CR16]^. These stem-like subpopulations display NCSC molecular features (i.e., KDM5B^[@CR16]^, CD133^[@CR40]--[@CR42]^, CD20^[@CR43],[@CR44]^, NGFR^[@CR17],[@CR45]--[@CR47]^, and AQP1) and biological properties (high plasticity, migratory capacity, and invasiveness) as well as a general loss of pigmentation. The ability of melanoma cells to access developmental programs bestows their remarkable adaptability to survive in a variety of hostile environments, including systemic circulation^[@CR48]^, new organ sites of metastases^[@CR14]^, and ex vivo in tissue culture.

To model the lineage plasticity of melanoma cells as they adopt a range of differentiated and dedifferentiated cellular states, investigators can leverage scRNAseq and single-cell RNA FISH approaches to acquire the multimarker resolution necessary to define and identify these subpopulations of melanoma cells within a given bulk tumor in vivo or a population of cells growing in a culture vessel in vitro. Investigators should determine whether vulnerabilities of these subpopulations that may present themselves through transcriptomic characterization can be validated in secondary experiments. To translate clinically, findings must optimally be mirrored in patient-derived tumor tissue and investigators should attempt to identify FDA-approved compounds that can be repurposed quickly for patient benefit.

Stromal mimicry {#Sec6}
---------------

Melanoma cells undergo stromal mimicry, meaning they possess the ability to secrete growth factors and cytokines normally derived from stromal fibroblasts^[@CR49],[@CR50]^, monocytes^[@CR51]^, macrophages, and neutrophils^[@CR52]^, which promote melanoma cell viability in an autocrine loop (Fig. [1d](#Fig1){ref-type="fig"}). In addition, melanoma cells secrete a wide variety of cytokines and growth factors that also influence the tumor microenvironment in a paracrine manner^[@CR53],[@CR54]^. One mechanism whereby melanoma cells achieve this commensalism-type relationship with the tumor microenvironment is through the secretion of TGF-β. Secreted TGF-β activates adjacent fibroblasts, which leads to microenvironment reprogramming associated with an increase in stromal-derived pro-tumorigenic factors (i.e., VEGF, PDGF)^[@CR55]^ (Fig. [1e](#Fig1){ref-type="fig"}). Aggressive melanoma cells can also form primitive, fluid-conducting vessel-like structures when placed in three-dimensional matrices^[@CR56],[@CR57]^. The in vivo biological implications of this phenotype are unclear; however, it provides another powerful example of the ability of subpopulations of melanoma to dedifferentiate to a state similar to fetal cells as survival in systemic circulation and metastatic dissemination is favored for (Fig. [1f](#Fig1){ref-type="fig"}).

Melanoma cells display a variety of immune cell properties. They possess the ability to secrete factors that negatively modulate the immune system (i.e., VEGF, IDO)^[@CR58]^. Melanoma cells undergo monocyte-like phagocytosis of apoptotic cells to fuel metabolic activity^[@CR59]^. Melanoma cells express major histocompatibility complex (MHC) class II molecules that allow for functional antigen presentation^[@CR60],[@CR61]^. Functionally, melanoma cells operate as a primitive organ. But in contrast to a normal organ where a homeostatic balance exists between the different cell types, melanoma cells dominate the other cell types and reprogram them in favor of pro-tumorigenic functions. Critical to effectively study and develop therapeutic strategies that completely eliminate melanoma cells from a patient will be the ability of experimental models to recapitulate the spatial and environmental pressures faced by melanoma cells in the human patient.

To model stromal mimicry of melanoma, investigators can leverage co-culture 2D and 3D in vitro approaches to characterize dynamic interactions between melanoma cells and cells of the tumor microenvironment in the context of therapy and other stressful conditions (i.e., hypoxia)^[@CR62]^ (Fig. [2](#Fig2){ref-type="fig"}). Window-chamber approaches can allow validation in vivo of strategies that overcome microenvironment-mediated-resistance mechanisms. Investigators should determine whether strategies that ablate the stromal features of melanoma cells can prevent metastases and the onset of resistance in a series of PDX and/or xenograft studies before translation into human patients.

Two-dimensional (2D) melanoma cell culture models {#Sec7}
-------------------------------------------------

Though in vitro 2D models are considered as "simple" relative to three-dimensional (3D) and in vivo models, all existing FDA-approved targeted-based therapies for melanoma began their journey to the clinic as classical 2D adherent cell culture models in the laboratory. In 2D models, melanoma cells are typically grown on tissue culture plates with relatively high levels of oxygen and nutrients^[@CR63]^. Although exceptions exist, drugs that have little effect on the viability of melanoma cells grown in these conditions often do not have efficacy in more realistic 3D in vitro and in vivo models (as discussed later). Therefore, this approach has great utility in initial high-throughput screens to identify potential hits worth additional investigation.

The translational nature of 2D in vitro melanoma models is attributed to the high level of recapitulation that human normal melanocytes, pre-malignant nevus cells, and primary and metastatic melanoma cells reflect in culture, dependent upon the clinical stage they are derived from (Fig. [1g](#Fig1){ref-type="fig"}). Cultured melanocytes and nevus cells undergo replicative senescence, whereas melanoma cells from invasive primary and metastatic lesions grow as permanent cultures (in part due to p16 loss)^[@CR64]^. Further, melanoma cells, but not melanocytes and nevus cells, form tumors in immune-deficient mice as the prime indicator of their malignant phenotype. Conventional 2D culture allows for a variety of phenotypes and striking features of melanoma to be interrogated, including cytotoxicity, proliferation (MTT, BRdU), mobility (scratch assay)^[@CR65]^, invasiveness (Boyden chamber), adaptability to hypoxic microenvironments^[@CR66]^, protein expression and pathway plasticity (Western blot, reverse-phase protein array) (Fig. [1b](#Fig1){ref-type="fig"}), drug sensitivity studies (high-throughput screening)^[@CR67]^, drug durability (colony formation assay), molecular characterization (proteomics), and genomic/genetic characterization (RNA sequencing, whole-exome sequencing)^[@CR68]^ (Fig. [2a](#Fig2){ref-type="fig"}). 2D culture also allows for the study of lineage plasticity, with key findings identifying markers of distinct melanoma lineages (Fig. [1c](#Fig1){ref-type="fig"}). Of additional benefit, monocultures are free from contaminating cells, which allows for a clear understanding of what is occurring specifically within melanoma cells relative to other cell types in the tumor microenvironment in response to a given insult, which can be accomplished through co-culture using transwell plates (Fig. [1e](#Fig1){ref-type="fig"}). A total of \>2000 melanoma cell lines have been generated by the field, making this malignancy one of the most extensively studied in cancer. The extensive genetic and genomic analyses performed for most of these melanoma cell lines in systematic cancer cell-line screens as well as high-throughput drug screens have provided comprehensive information on the underlying genes and pathways responsible for driving melanoma progression and therapy escape^[@CR68]^.

Although meaningful insights can be gained from 2D culture, drawbacks to this approach include lack of heterogeneity and the existence of phenotypes that are observed on plastic that do not reflect melanoma behavior in vivo, and vice versa. For example, melanoma cells proliferate much more rapidly in vitro relative to in vivo rates, likely due to high serum concentrations and stiffness of support (i.e., plastic). Genetic drift also occurs in long-term passaged cells which can lead to high variability and reduced reproducibility of the results, due to adaptations to the non-physiological conditions (i.e., oxygen and nutrient levels) in traditional 2D cell culture^[@CR66]^. Short-term cultures may overcome some of these issues, but 3D models that incorporate matrices that better recapitulate in vivo microenvironment architecture may also facilitate the translatability of preclinical findings to the clinic.

3D melanoma cell culture models {#Sec8}
===============================

3D skin reconstruct {#Sec9}
-------------------

To develop curative therapeutic strategies against melanoma, experimental models unique to melanoma are needed that faithfully recapitulate the in vivo human disease system. Of the available in vitro melanoma models that exist, the 3D skin reconstruct provides investigators with a contextually representative model^[@CR69],[@CR70]^. Human skin consists of (for simplicity) an epidermis and dermis. In the epidermis are located keratinocytes and melanocytes, whereas in the dermis are located fibroblasts with a basement membrane separating the epidermis from the dermis^[@CR71]^. Mouse skin differs significantly from that of human skin due to deviating cellular architecture and physiology (i.e., mouse melanocytes are located in hair follicles)^[@CR72]^. This limits the use of mouse models to investigate cell--matrix and cell--cell interactions between melanoma cells and other cell types. The 3D skin reconstruct model is a unique tool for the study of melanoma behavior in human skin. The 3D skin reconstruct consists of an "epidermis" containing stratified, differentiated keratinocytes, a functional basement membrane, and a "dermis" containing fibroblasts embedded in the most prevalent extracellular matrix (ECM) found in the human skin, collagen I^[@CR70]^. When melanocytes grow in the 3D skin reconstruct, they display physiological features of melanocyte homeostasis and melanoma progression observed in the skin of human patients. When incorporating melanoma cells into the 3D skin reconstruct, they exhibit characteristics analogous to the aggressiveness in the human melanoma patient. Critical to the success of this model is the ability to viably culture melanocytes, melanoma cells, keratinocytes, and fibroblasts for use in the 3D skin reconstruct. Melanocytes can be derived from human skin, but can also come from embryonic stem cells (ESCs)^[@CR73]^ or induced pluripotent stem (iPS) cells^[@CR74]^.

The unique architecture and composition of the 3D skin reconstruct allows for careful investigations into autocrine and paracrine loops between melanoma cells, keratinocytes, and fibroblasts, as well as physical cell--cell contact and tensile forces of ECM fibers^[@CR75]^. 3D immune skin reconstruct models have also been developed, which contain melanoma cells, autologous T cells, and fibroblasts that can be allogeneic^[@CR76]^. This approach allows visualization and quantitation of T-cell-mediated tumor cell killing. For preparation, human fibroblasts are suspended in collagen. Melanoma cells are then layered onto the collagen/fibroblast matrix and allowed to grow overnight (layer 2). They are then covered with a cell-free collagen layer, and then an equal number of immune T cells (antitumor reactive cytotoxic T cells) are mixed with fibroblasts in collagen and layered on top (layer 4). Four to 9 days after the addition of T cells, the reconstructs are fixed with formalin and processed for histological evaluation^[@CR70]^. The assay can also be used with NK cells instead of T cells or one can use the total peripheral blood mononuclear cell population. A major advantage of 3D immune assays is the "natural" setting, in which malignant, stromal, and immune cells migrate toward each other through layers of collagen. Chemoattraction and effective T cell-mediated tumor cell killing can be assessed simultaneously. Their disadvantage is the need for autologous pairs of T cells and tumor cells, which can be readily produced for melanoma but are more challenging for epithelial tumors.

Spheroids {#Sec10}
---------

In addition to the 3D skin reconstruct, there are other 3D models that capture the heterogeneity and complex intracellular interactions of a tumor similar to the in vivo conditions in human melanoma patients. Spheroids are aggregates of cells that are embedded in collagen type I, to which the outer cells adhere and invade into. From a biologically early stage, melanoma cells form spheroids but do not invade much into collagen, displaying a radial growth phase phenotype. In contrast, cells from metastatic lesions are highly invasive (vertical growth phase phenotype) and can be used to assess therapy responses to signaling inhibitors. Spheroids generally have a hypoxic core and the relative percentage of cells within the core that are dividing or undergoing apoptosis varies among different melanomas^[@CR77]^. The highest viability and proliferative activity of the malignant cells are generally found at the periphery, but the collagen-invading cells in the "dendrites" of a spheroid undergo a phenotype switch to a more invasive, less proliferative state. When fibroblasts and melanoma cells are co-embedded in collagen, the fibroblasts typically infiltrate into the spheroids. Overall, spheroids reflect the general conditions in a solid tumor with matrix deposition, heterogeneous growth states, and presence of cancer stem-like cells^[@CR78]^. Semi-high-throughput screens in 384-well plates can automatically evaluate viability and invasion^[@CR79],[@CR80]^. Thus, spheroid culture represents a valuable cellular condition that is complementary to conventional 2D culture conditions, reflects a solid tumor in vivo, and should therefore serve as a tool to identify treatment strategies worth investigating in vivo. Limitations of the spheroid approach include being comprised cells grown in 2D culture, inability to propagate additional spheroids for longitudinal studies, and limited number of cell types that can be concurrently co-cultured.

Organoids {#Sec11}
---------

Organoids represent an ex vivo 3D model capable of self-propagating that, in addition to the similar architecture of spheroids, incorporates autologous lymphoid, myeloid, and other host cell populations that are retained in human tumor isolates. The presence of the different cell lineages allows for powerful investigation into how therapy may impact the immune compartment to stimulate a greater antitumor response. A recent report leveraging this organoid platform demonstrated that TBK1/IKKε inhibition increased the efficacy of PD-1 blockade and strongly correlated with in vivo tumor response^[@CR81]^. Organoids also allow a high-throughput 384-well format to test the efficacy of single-agent and combinatorial therapeutic strategies. Spheroids are more "user" friendly compatible with most established cell lines. In contrast, organoid cultures initially require careful establishment before routine use. However, the organoid approach provides the strength of using cellular material that has not been adapted to culture on plastic, and therefore will better recapitulate melanoma in human patients. The limitations of organoids lie in the fact that a relatively small number of cells are sampled for their formation, which may have implications on their level of clonality and heterogeneity they can maintain relative to the clonality and heterogeneity within the original patient tumor population. One can begin to overcome this limitation and increase the translational potential of this model by establishing organoid cultures from material derived from multiple areas of the same tumor and/or other metastatic sites to better capture the clonality and heterogeneity that existed with a given patient's tumor.

Capillary network formation {#Sec12}
---------------------------

To recapitulate in vivo vasculature dynamics and molecular mechanisms that confer the ability to survive in systemic circulation (Fig. [1f](#Fig1){ref-type="fig"}), the capillary network formation model begins when adherent endothelial cells are first covered with collagen type-1 followed by a second layer of collagen mixed with fibroblasts. As the fibroblasts begin to constrict the collagen, they attract the endothelial cells, which penetrate the first collagen layer to migrate toward the fibroblasts^[@CR82],[@CR83]^. As soon as the endothelial cells establish contact with the fibroblasts, they form round structures, which develop by day 5 into capillary networks. When melanoma cells are co-embedded with the fibroblasts into the upper collagen layer, they may stimulate or inhibit network formation, which depends on the growth factors and matrix proteins released by the malignant cells, and differs between cell lines. This assay, while requiring longer incubation times, appears more robust than the Matrigel endothelial network assay, in which endothelial cells are embedded in the matrix for just a few hours precluding any functional vessel formation^[@CR84]^. The capillary network formation model allows for the investigation of pro-angiogenic mechanisms leveraged by melanoma cells to survive in environmentally stressful conditions, which may facilitate the development of therapuetic modalities that ablate microenvironment-dependent resistance mechanisms and prevent the ability of melanoma cells to enter vessels to metastasize. The limitations of this approach lie in the lack of functional vessel formation, which may hinder intra- and extravasation characterization. As with all of the above in vitro models, any potential therapuetic strategies that can ablate the ability of melanoma cells to hijack angiogenic programs to facilitate metastatic dissemination and therapy escape should be validated in a series of PDX and xenograft models in order for potential translation into human patients.

Murine in vivo melanoma models {#Sec13}
==============================

Genetically engineered mouse and allograft models of melanoma {#Sec14}
-------------------------------------------------------------

Genetically engineered mouse models (GEMMs) that enable the spontaneous formation of melanoma have allowed for key insight into melanomagenesis (Fig. [2b](#Fig2){ref-type="fig"}). Many of the early GEMMs were modeled on the knowledge of melanocyte developmental biology, environmental melanoma causative factors and frequently mutated melanoma driver genes (i.e., *BRAF, CDKN2A, CDK4, GNAQ, NRAS*)^[@CR85]^. Ultraviolet (UV) radiation is the main environmental risk factor for melanoma, which underlies its substantial use in investigations of the underlying biology for melanomagenesis. Another strategy to identify pathways involved in the initiation of melanoma is via the use of the carcinogen 7,12-dimethylbenz(a)anthracene (DMBA)), which can be correlated to human etiology of melanoma^[@CR86]^. To target melanocytes specifically for transformation, tissue-specific genes including *Tyr* and *MITF* were leveraged^[@CR86]^. Incorporation of UV light and/or DMBA could accelerate melanoma development in different GEMM models and increase their immunogenicity for use in studies of immunotherapies^[@CR87],[@CR88]^. The *CDKN2A* genes encodes two overlapping tumor suppressors (*p16INK4A* and *p14ARF*), which could be targeted by SV40 T-antigen expression using the melanocyte-specific Tyr promoter. However, loss of *CDKN2A* alone does not robustly generate cutaneous melanoma. Transgenic mice were generated by overexpressing the HGF-cMET signaling axis under the control of the murine *MT1* gene promoter, which constitutively activates the RAS/RAF/MEK/ERK signal transduction pathway. Tyr-Cre approaches targeting *NRAS* or *BRAF* genes also successfully generate cutaneous melanomas after concurrent deletion of tumor suppressor genes *Ink4a/Arf* or *Pten*. The TCGA reveals the distinct heterogeneity and high mutational burden of melanoma, which raises a limitation as GEMM models may not reflect the mutational burden found in human patient tumors. This caveat of GEMM models can be improved by including etiological factors that avoid artificial strong driver oncogenes and allow for tumor evolution (i.e., allowing for loss of heterozygosity and disease progression from early stage). An example of this lies in the ability to express and/or deactivate genes of interest in a time-dependent as well as tissue-specific manner^[@CR86]^. This technology, which most commonly relies on the Cre-recombinase/LoxP system, allows for the generation of elegant mouse models that conditionally knockout and/or overexpress multiple genes in a controllable fashion. Using this approach, the McMahon and Bosenburg laboratories generated the constitutively activated BrafV600E mutant with simultaneous deletion of PTEN mouse model, which is conditionally expressed in a 4-OHT-dependent and melanocyte-specific manner^[@CR89]^. The use of GEMMs and allograft approaches to study melanoma suffers from the drawbacks mentioned, but it does allow the study of immune cell and tumor cell interactions/dynamics in immunocompetent mice.

Non-murine in vivo melanoma models {#Sec15}
----------------------------------

In addition, melanoma models in other species including canine and zebrafish also allow for unique opportunities for investigating in vivo immune consequences of therapy and high-throughput in vivo approaches, respectively. Immense progress has been recently made with the use of zebrafish for melanoma research from the laboratories of Leonard Zon, Richard White, and Elizabeth Patton^[@CR90],[@CR91]^. A few discoveries from this aquatic model system include the interaction of p53 and BRAF to produce melanoma, and the elucidation of developmental pathways in neural crest cells that have implications on melanoma formation.

Xenograft melanoma models {#Sec16}
-------------------------

In vivo models of melanoma allow for physiologic components not fully present in existing in vitro models. Traditionally, in vivo melanoma models are comprised xenografting tumor cell lines, initially established and cultured on plastic, into immunocompromised mice. Once engrafted, human melanoma cells develop dynamic physical and secretory interactions with murine stroma, lymphatic, and blood vasculature allowing for the study of melanoma dynamics in vivo. Traditionally, preclinical testing of drug efficacy in xenograft models relies on the impact on tumor growth and/or metastasis to visceral organs (i.e., lungs, liver). Some melanoma cell lines have a high metastatic potential and can form spontaneous metastases in the lungs following subcutaneous injection. Serial passaging in mice of cell lines capable of metastasizing to the lungs can eventually select for aggressive subpopulations of melanoma cells with a higher capacity to form spontaneous metastases in the lung, as is the case for the WM1205Lu and WM451Lu cell lines relative to the parental WM793B and WM164, respectively^[@CR63]^.

If a cell line of interest has low metastatic potential, cells can be injected into the tail vein or intracardiac to "force" metastasis to the lungs and brain, respectively. Although metastases at these visceral sites will form, the cells present will not have gone through critical steps in the classical metastatic cascade (i.e., intravasation, survival in circulation, extravasation) and therefore not recapitulate true metastases in human patients. An additional limitation of the xenograft approach are the artifacts that arise from passaging melanoma cell lines ex vivo selects for subpopulations that adapt to non-physiological 2D culture condition and do not necessarily reflect those most active in vivo^[@CR66]^. The consequence of this selection is the poor reproducibility observed between the results in the laboratory and therapy outcome in the clinic^[@CR92]^. To address this shortcoming, a technique has been developed whereby tumor pieces are biopsied from patients and xenografted directly into immune-deficient mice, never touching plastic to retain as much of the in vivo characteristics present when still in the human patient. Patient-derived xenograft (PDX) models have been demonstrated to be superior for tumor biology studies due to the level of heterogeneity maintained in the in vivo setting^[@CR93]^ (Fig. [2b](#Fig2){ref-type="fig"}). The heterogeneity of PDX models, in part, may also depend on the number of tumor sources, which can be similar to cell-line based xenograft models. A recent study compared cell-line-derived xenografts (CDX) to PDX and found significant differences in hypoxia-regulated gene expression, likely attributed to the 2D cell culture adaptions to non-physiologic levels of oxygen and alter the fitness of cells when reimplanted in vivo^[@CR66]^. Limitations to xenograft and PDX models lie in the necessity to utilize mice that are immunocompromised or immunodeficient. This poses challenges to the investigation of resistance mechanisms to immune checkpoint inhibitors as well as the potential role of the immune system in efficacy of targeted therapy.

To address these shortcomings for preclinical research into antitumor immune responses, laboratories in the melanoma field including our own have developed approaches to utilize adoptive T-cell therapy with PDX^[@CR94]^, as well as immune-humanized mouse tumor models. Studies leveraging autologous immune-humanized mice incorporate adoptive cell transfer of tumor-infiltrating T cells and tumor cells from the same patient^[@CR95]^, which have so far identified continuous presence of interleukin-2 (IL-2) in the antitumor activity of T cells^[@CR96]^. Advantages of such models are the ability to experimentally interrogate in vivo interactions of human tumor cells with human immune cells in immunodeficient mice. Briefly, functional human immune systems are reconstituted in immunodeficient mice with the use of human CD34+ cord blood cells, or engraftment of human fetal thymus tissue under the renal capsule and tail-vein injection of fetal liver-derived CD34+ cells^[@CR97],[@CR98]^. The quality, yield, and limited potential of CD34 + cells to reconstitute physiologically relevant levels of distinct human immune cell compartments are a major issue when using human cord blood-derived cells, which can be overcome with the use of fetal liver-derived CD34 + cells. In both instances (cord blood- or fetal liver-derived CD34 + cells), the major human leukocyte antigen (HLA) allele of the CD34 + cell donor must match the major HLA allele of the tumor cells. Our laboratory has successfully established over 50 batches of immune-humanized mice with either human cord blood-derived CD34 + cells or fetal tissue-derived CD34 + cells. Renal grafting of fetal tissue from the same donor of CD34 + cells minimizes alloreactivity and graft-versus-host (GVH)-related issues. The immune-humanization with fetal tissue at the moment allows for superior recapitulation of immune cell and tumor cell interactions in vivo, however the necessity of fetal tissue makes this model difficult to sustain, impossible in certain countries, and unfortunately does not provide autologous immune-humanized mice with respect to a given tumor. To overcome this hurdle, our laboratory is developing an induced pluripotent stem cell (iPS) model to generate CD34 + stem cells to humanize mice. The advantage of the iPS approach is the donor CD34 + cells are fully autologous with the tumor cells as they are both derived from the same individual. Although not yet fully optimized, we believe this approach will provide the field with a valuable model to finally begin assessing immune dynamics in response to therapy using PDX models that reflect the heterogeneity and clonal diversity of human melanomas in vivo.

Conclusions and future directions {#Sec17}
---------------------------------

The overall goal of the melanoma field is to develop efficacious therapeutic strategies to cure every melanoma patient. To achieve this, researchers will need improved melanoma models that optimally mimic human melanoma development, heterogeneity, plasticity, progression, and also possess molecular characteristics unique to each patient. Given the breadth of models available, researchers have a large selection of ever more sophisticated approaches that facilitate the logical exploration of underlying mechanisms of melanoma metastasis and therapy escape. For example, if a novel gene is identified as governing melanoma migration in 2D culture models, researchers can further characterize the robustness of this finding in 3D spheroid and organoid cultures to determine whether validation in more complex and costly mouse models is warranted (Fig. [2](#Fig2){ref-type="fig"}). Ultimately, models are not "real", but rather are simplified representations of specific biological and molecular phenomena found in melanoma cells within human patients. To best understand a given biological or molecular process, multiple models should be leveraged to differentiate robust findings that may translate to the human condition from encouraging data that may be due to artifact.

Gaining wider attention is the existence of subpopulations of melanoma that are never eliminated by therapy, despite imaging and pathological analyses concluding complete response. This minimal residual disease drives therapy relapse in patients and represents one area in need of the best melanoma models dove tailed with the most sophisticated molecular and genetic techniques to unlock vulnerabilities in these distinct subpopulations of melanoma that will allow for their specific elimination (Fig. [3a--f](#Fig3){ref-type="fig"}). Perhaps the use of PDX models of melanoma in autologous immune-humanized mice will be the ideal approach to interrogate immune- and non-immune-dependent mechanisms that allow residual disease to persist through therapy and eventually drive therapy relapse. Nonetheless, in vitro assays coupled with scRNAseq and barcoding approaches will continue to provide critical insights into the development of therapy resistance that will guide how the field addresses therapy resistance. Improved models are required capable of maintaining the in vivo physiologic pressures that allow melanoma cells to exhibit identical behavior as found in human patients. The complex and dynamic interactions between melanoma cells and other cell types in the TME are currently only studied in vitro through co-culture of 1--2 additional cell types at a time. Advances in bioprinting and generation of artificial organs may allow the development of in vitro models that possess all of the relevant cell types and 3D architecture to study melanoma biology and therapeutic resistance. A hurdle to the use of GEMM, xenograft, and PDX mouse models is the cost of largescale use. A potential replacement to these in vivo models may lie in the high-throughput use of organoids for screening that can be validated in vivo for robust hits. The development of noninvasive approaches, including liquid biopsies, and the investigation of circulating tumor cells to interrogate treatment efficacy in patients can also empower physicians with the ability to modify treatment regimens in real time to improve patient overall survival.Fig. 3Minimal residual disease epitomizes the clinical challenge of heterogeneity and tumor plasticity.**a** A small subpopulation of melanoma cells possess stem-like molecular and biological properties and undergo cellular proliferation at a slower rate than the rest (**b**, **c**) of the population. **d** Upon the addition of therapy (Rx), the bulk of the tumor is eliminated, except the stem-like subpopulation (minimal residual disease). **e** Under continuous therapy, the stem-like cells continue to proliferation and have the capacity to birth non-stem-like progeny. **f** Upon termination of therapy, the stem-like cells will again become scarce as the "normal" cycling cells continue to proliferate at a higher extent.
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